In the dog the net tubular reabsorption of sodium may diminish during saline loading, independent of salt retaining hormones and even in the face of a decline in glomerular filtration rate (1) (2) (3) (4) (5) . We have suggested that increased renal blood flow during saline loading may be one factor that contributes to the decreased tubular reabsorption of sodium (4, 5) , since in the saline loaded dog when renal blood flow is decreased experimentally the net tubular reabsorption of sodium may increase (5) . Recently, reports have appeared demonstrating that the infusion of several unrelated vasodilators [acetylcholine (6) (7) (8) , dopamine (9) , pyrogen (10) , kallidin (11) , and papaverine (12) ] may increase the excretion of sodium in association with increased renal hemodynamics. The present studies were undertaken to determine 1) the extent to which local renal vasodilatation may increase the excretion of sodium, 2) whether such increases in sodium excretion may be due to decreased tubular reabsorption, and 3) to what extent an effect of increased blood flow on tubular reabsorption may be operative during different degrees of saline loading.
The renal arterial infusion of acetylcholine resulted in large unilateral increases in renal plasma flow under all conditions studied. In animals not receiving a saline load increased renal plasma flow was invariably associated with increased sodium excretion that usually was not attributable to in-* Submitted for publication June 16, 1965; accepted July 22, 1965. Aided in part by grants AM-5401-04 from the National Institutes of Health and NsG595 from the National Aeronautics and Space Administration. tFellow of the Boston Medical Foundation. creased filtered sodium. Natriuresis accompanying increased blood flow was even greater in animals receiving small loads of saline, but was completely absent in animals receiving large saline loads and in animals undergoing mannitol diuresis.
Methods
Mongrel dogs of either sex ranging in weight from 17.3 to 30.0 kg were deprived of food and water for approximately 18 hours before experiments. Under light pentobarbital anesthesia the ureters were cannulated, a 23-gauge needle was placed in the proximal portion of the left renal artery in the direction of the kidney, and a plastic catheter was inserted into the left renal vein by way of the ovarian or spermatic vein (5) . Isotonic saline was infused into the renal artery at a rate of 1.0 ml per minute throughout each experiment. A catheter inserted into the aorta through a femoral artery was used to record blood pressure and to collect arterial blood samples. Arterial blood pressure was measured with a Sanborn pressure transducer and recorder.
Three hours before experiments the animals received an intramuscular injection containing 5 U of Pitressin Tannate and 10 mg of desoxycorticosterone acetate (DOCA).1 Two hours before experiments a maintenance infusion of inulin, p-aminohippurate (PAH), desoxycorticosterone (25 leg per minute), and vasopressin (40 to 60 mU per kg per hour) in isotonic saline (acidified to pH 5.0) was begun at 0.4 to 0.5 ml per minute. Blood samples were collected simultaneously from the aorta and the left renal vein at the mid-point of each clearance period. Blood samples were expelled into iced tubes, and plasma was separated by centrifugation within 7 minutes.
After collecting a minimum of three control clearance periods, the renal arterial infusion was changed to isotonic saline containing acetylcholine bromide.2 The rate of drug infusion was either 20 or 40 ,ug per minute. After collecting a minimum of three clearance periods during the infusion of acetylcholine, the drug was discontinued, and in most experiments additional clearance periods were collected after the drug infusion. Collection 1 Organon, West Orange, N. J. 2 Eastman Organic Chemicals, Rochester, N, Y. periods were from 5 to 20 minutes in duration, depending on the rate of urine flow.
Animals were studied under four conditions. 1) "Unloaded": These 12 animals were receiving only the maintenance infusion containing hormones and clearance substances, the renal arterial infusion, and infusions of isotonic saline to maintain the patency of the femoral arterial and renal venous catheters (total rate of saline infusion, approximately 2.0 ml per minute). Four of the 12 animals studied under these conditions received an infusion of 250 ml of 0.9%7o saline approximately 90 minutes before experimental collections. 2) "Partially loaded": In addition to the above "maintenance" infusions six animals received 400 ml of Ringer's solution (Na 145, K 3.5, Cl 128.5, HCO3 20 mEq per L) at 50 ml per minute, and then throughout the experiment this solution was infused at 6 to 7 ml per minute. This partial loading was begun approximately 1 hour before experimental collections. 3) "Fully loaded": These five animals were infused with 1,500 ml of the Ringer's solution at a rate of 50 ml per minute. The infusion was then slowed to a rate approximately 1 ml per minute greater than the rate of urine flow. Experimental collections were begun 10 to 20 minutes after completing the loading procedure. 4) Mannitol diuresis: In five experiments acetylcholine was infused into the left renal artery at a rate of 20 or 40 /Ag per minute during mannitol diuresis. In addition to the above maintenance solutions these animals received intravenously either 15%o mannitol in 40 mM NaCI (two experiments) or 10%o mannitol in 30 mM NaCl at a rate that resulted in a urine flow between 5 and 15 ml per minute per kidney. When the rate of urine flow was stable, a minimum of three clearance periods was collected before the infusion of acetylcholine. After collecting three clearance periods during the drug infusion additional control collections were made in three of these studies.
Sodium and potassium were determined by internal standard flame photometry, and osmolality was measured cryoscopically. PAH was determined by the technique of Bratton and Marshall as adapted for the Technicon autoanalyzer (13) . Inulin was determined calorimetrically by reaction with anthrone in H2SO4 (14) by a technique adapted for the Technicon autoanalyzer. Plasma protein was precipitated with ZnSO4 and .75 N NaOH. The recovery of inulin added to plasma averaged 98.6 + 1.9% (SD) (N=36), and clearances averaged 97 ±7%v (SD) (N=50) of those determined simultaneously by the method of Walser, Davidson, and Orloff (15) .
Extraction ratios (E), renal plasma flow (RPF), and renal blood flow (RBF) were calculated by conventional formulae (5) . In addition, "noncortical plasma flow" (NCPF) was calculated as the difference between RPF and the clearance of PAH or Diodrast.3 cluded in the maintenance solution. In these experiments calculations of extraction and plasma flows were made from measurements of Diodrast-I in a well type scintillation counter (Nuclear of Chicago, Des Plaines, Ill.).
Results
Unloaded animals. The effects of the renal arterial infusion of acetylcholine on renal hemodynamics and sodium excretion in 12 experiments are summarized in Table I , and details of a representative experiment are given in Table II . Before the infusion of acetylcholine RPF averaged 159 ml per minute (range, 99 to 239 ml per minute), and EPAH averaged 0.848 (range, 0.668 to 0.924, left kidney). During the renal arterial infusion of acetylcholine RPF increased by an average of 51% (range, + 1'8 to + 163 ml per minute), and absolute values of EPAH decreased by an average of 0.074 (range, + 0.008 to -0.186). This increased RPF was accompanied by increased clearance of PAH (CPAH). Due to decreases in EPAH proportionately larger increases occurred in NCPF. In control right kidneys CPAH was usually unchanged. Glomerular filtration rate (GFR) and filtered sodium in the left kidney decreased in six experiments, increased slightly in four experiments, and were unchanged in two experiments. The excretion of sodium by the left kidney increased during the infusion of acetylcholine by an average of 149 juEq per minute (range, 11 to 310 /AEq per minute). Sodium excretion by the control right kidney usually decreased slightly during the infusion of acetylcholine. After the infusion of acetylcholine had been discontinued, hemodynamics and sodium excretion returned towards the preinfusion control values. The effects of acetylcholine on renal hemodynamics and sodium excretion began abruptly when the infusion of drug was started and diminished abruptly when the drug was discontinued (Table II) .
In 8 of these 12 experiments decreased net reabsorption of sodium accompanied increased RPF as sodium excretion increased despite no change, or decreased, filtered sodium (Tables I and II) .
Partially loaded animals. The results of these six experiments are summarized in Table III . Before the infusion of acetylcholine RPF averaged 139 ml per minute (range, 87 to 200 ml per minute), and EpAH (or EDIodrast) averaged 0.867 (range, 0.801 to 0.922). These values are not distinctly different from those during the control periods in the unloaded animals described above. During the infusion of acetylcholine RPF increased by an average of 92%o (range, 78 to 159 1859 RENAL BLOOD FLOW AND SODIUM EXCRETION Values for the left side are the means of three to five uniform consecutive collection periods during each phase of the experitnent. 'In some experiments fewer individual collections were made on the right side during the same time periods. Transition periods of 10 to 15 minutes associated with changing urinary flow were not utilized for clearance calculations. 0.078 to 0.173). These changes appear somewhat greater than those during the drug infusion in the unloaded animals. CPAH also increased in the experimental kidney, but was unchanged in control right kidneys. The increases in sodium excretion by the left kidney during the infusion of acetylcholine averaged 320 /AEq per minute (range, 103 to 553 ILEq per minute). This increased ex-cretion of sodium was in most experiments distinctly greater than that observed during the drug infusion in the unloaded animals. During the infusion of acetylcholine sodium excretion by the control right kidney was unchanged or slightly decreased.
GFR and filtered sodium by the experimental kidney increased slightly during the infusion of acetylcholine in five of these six experiments. However, the increase in sodium excretion was Table IV . These animals were undergoing marked natriuresis with rates of sodium excretion ranging from 1,210 to 2,303 ptEq per minute per (left) kidney during control collections. Before the infusion of acetylcholine RPF averaged 323 ml per minute (range, 181 to 426 ml per minute, left kidney), values distinctly greater than those observed during control periods in the unloaded and partially loaded animals. EpAJ averaged 0.687 (range, 0.591 to 0.796), and these extraction ratios were lower than those observed during control periods in the unloaded and partially loaded experiments. During the infusion of acetylcholine into the left renal artery RPF in the left kidney increased by an average of 165 ml per minute, and the absolute values of EpAH decreased an average of 0.145. CPAII in control right kidneys was unaffected by the infusion of acetylcholine. Despite the further large changes in RPF and EpAH during the infusion of acetylcholine, sodium excretion by the left kidney did not increase further. In these experiments GFR was not changed consistently during the infusion of acetylcholine.
Mannitol diuresis. The results of these five experiments are summarized in Table V . During control periods RPF averaged 235 ml per minute (range, 186 to 271 ml per minute, left kidney), and EPAH averaged 0.723 (range, 0.629 to 0.806).
Before the infusion of acetylcholine sodium excretion in these animals ranged from 282 to 1,013 uEq per minute. During the infusion of acetylcholine into the left renal artery RPF increased and EPAH (left kidney) decreased in each study.
The range of increased RPF was from 57 to 229 ml per minute, and the absolute decreases in EpAE ranged from 0.064 to 0.254. The infusion of acetylcholine was not associated with increased excretion of sodium by the left kidney in any of these studies. Relatively small decreases in the rate of sodium excretion occurred during the drug infusion in association with small decreases in GFR. However, GFR during the infusion of drug was similar to control values either before or after the infusion in four of the five experiments.
Discussion
The present observations demonstrate that acetylcholine, when infused into the renal artery, may result in large unilateral increases in renal plasma flow. This increased plasma flow was usually accompanied by decreased extraction of PAH. Since the extraction of isotopic tracer amounts of Diodrast-131I was similarly decreased during acetylcholine infusion, it is unlikely that the diminished extractions were due to tubular loads in excess of the transport maximum, and the changes are consistent with the occurrence of a redistribution of blood flow away from the renal cortex as plasma flow increases during the infusion of acetylcholine (5) . Although Vander has reported no decrease in EpAH during the renal arterial infusion of acetylcholine in two experiments (6) , our observations are in agreement with those of Harvey, who reported that the renal arterial infusion of acetylcholine does decrease Epic (16) .
In the hydropenic animals and those receiving relatively small loads of saline, increased renal plasma flow during the infusion of acetylcholine was uniformly associated with increases in the excretion of sodium. However, despite even larger increases in plasma flow during the infusion of acetylcholine, in the animals receiving relatively large saline loads no further increase in sodium excretion occurred. Likewise, increased renal plasma flow and decreased EPAH were not associated with increased sodium excretion when the agent was infused during mannitol diuresis (Table VI). These observations of increased sodium excretion during the infusion of acetylcholine in the first two groups of animals are in agreement with observations previously reported by others (6) (7) (8) . Vander reported that the natriuretic effect of acetylcholine was not different in dogs receiving saline infusions than in dogs receiving no saline (6) . However, the saline loading employed by the latter author was somewhat less than that in the partially loaded animals of the present study.
The present results demonstrate that this natriuresis accompanying renal vasodilatation may occur with little or no increase in filtered sodium, indicating that a net decrease in the reabsorption of sodium occurs during the infusion of acetylcholine, as has been suggested by others (6, 7) . In the present study this decreased reabsorption of sodium was invariably associated with increased renal plasma flow, and in all but one instance (experiment 8, Table I ) with decreased EPAiT.
Previous studies from this laboratory have demonstrated an inverse relationship between renal blood flow and the tubular reabsorption of sodium during saline loading (5) . We suggested that increases in renal medullary blood flow, which may be included, in part in the noncortical fraction of plasma flow (RPF -CPAH), may decrease medullary interstitial hypertonicity and secondarily increase the rate of flow of tubular fluid with a lowered concentration of sodium through Henle's loop. This, in turn, could decrease the absolute reabsorption of sodium by the ascending limb of the loop and thereby contribute to over-all diminished reabsorption of sodium during saline loading. This mechanism is entirely speculative, but the present results do lend support to the concept that changes in renal blood flow or renal vascular resistance may influence the tubular reabsorption of sodium through some intrarenal mechanism. The failure of acetylcholine to evoke increased sodium excretion in the markedly natriuretic fully loaded animals with already relatively high RPF and low EPAH is consistent with the view that any role of blood flow in decreasing sodium reabsorption is already maximally effective in the presence of large saline loads.
Acetylcholine produced greater natriuretic effects in animals receiving small saline loads (partially loaded) than in those receiving no load (unloaded). In both these groups, before the infusion of acetylcholine, EPAH was high and RPF was distinctly lower than in the fully loaded group. Thus, any effect of blood flow on sodium reabsorption may have been minimal or absent in the hydropenic and partially loaded animals. The present data do not allow an analysis of the mechanisms involved in the production of the control levels of natriuresis in animals receiving the partial saline loads. However, since renal plasma flow was relatively low and EPAH relatively high before the induced renal vasodilatation, it would not appear that these hemodynamic factors could have been contributing to the natriuresis in this group of animals. Dirks, Cirksena, and Berliner have reported recently that similarly small loads of saline may be associated with large decreases in fractional reabsorption in the proximal nephron of the dog (17) . If reabsorption by the ascending limb of Henle's loop or more distal portions of the nephron is to some extent indirectly influenced by intrarenal hemodynamics, then much of the decreased proximal reabsorption that could be present in these partially loaded animals (with relatively low blood flow) may be reabsorbed at more distal sites. Therefore, increasing renal blood flow under these conditions could permit a larger part of the decreased proximal reabsorption to be excreted, as reabsorption at more distal tubular sites diminished in response to increased blood flow. Such a combination of factors could account for the greater natriuretic response to vasodilatation in this group of animals. Alternatively, the larger natriuretic effect in the partially loaded group could be due to a higher filtered load of sodium (as compared to the unloaded group) or to the somewhat greater increases in renal plasma flow during the infusion of acetylcholine.
Acetylcholine failed to produce increased sodium excretion during mannitol diuresis also. Mannitol diuresis increases renal plasma flow and decreases EPAH (18) , and in the present studies total and noncortical plasma flows were greater during mannitol diuresis before the infusion of acetylcholine than during control periods in the hydropenic and partially loaded animals. Therefore, it is possible that any natriuretic effect that increased blood flow may have was already present during mannitol diuresis, as suggested above for the fully loaded (saline) animals. The possibility cannot be excluded, however, that the filtered load of sodium was sufficiently low during mannitol diuresis to preclude any natriuretic response to the increased blood flow. If the mechanism whereby increased renal blood flow diminishes tubular reabsorption of sodium is dependent upon a reduction in medullary interstitial hypertonicity as discussed above, then as the solute concentration of the medullary interstitium approaches isotonicity, further increases in blood flow may not produce further decreases in the reabsorption of sodium. It could be expected, therefore, that the reduction of medullary interstitial hypertonicity (as reflected -by urinary osmolality) during mannitol diuresis would minimize the effect of increases in blood flow to further reduce the interstitial solute concentration. Also any effect of changes in the movement of water from the descending limb on tubular fluid sodium concentration (and ultimately sodium reabsorption) would be minimized during mannitol diuresis, since the presence of nonreabsorbable solute would result in an already lowered concentration of sodium in the isotonic fluid delivered from the proximal convolution. Therefore, a significant fraction of the osmotically effective solute within the loop could be mannitol, and the absolute changes in sodium concentration due to diminished loss of water from the descending limb would be less than in the presence of high medullary interstitial osmolality with sodium as the only major osmotically "effective" solute in the tubular fluid.
In one experiment of the partially saline loaded group (experiment 13, Table III ) urine was near isotonicity before the infusion of acetylcholine, yet a large increase in sodium excretion occurred as blood flow was increased by acetylcholine. If in this experiment urinary osmolality reflected medullary interstitial osmolality, then this observation is inconsistent with the concept that a reduction in medullary interstitial hypertonicity is a necessary intermediate step between increased renal blood flow and decreased reabsorption of sodium. However, in this latter experiment a relatively large decrease in urinary osmolality occurred during the infusion of acetylcholine, and the urine became distinctly hypotonic to plasma. Therefore, it is possible that for unknown reasons urinary osmolality was not reflecting medullary interstitial osmolality in this one study.
The possibility should be considered that increases in renal blood flow may decrease proximal tubular reabsorption of sodium through some intrarenal mechanism, since Dirks, Cirksena, and Berliner have reported relatively large decreases in fractional reabsorption in the proximal convolution of the dog during saline loading (17) . However, this does not appear likely, since these latter authors reported also that the decreased proximal reabsorption persisted in the presence of reductions in blood flow sufficient to produce large decreases in glomerular filtration (17) , and on the other hand it has been observed that during saline loading reductions in blood flow insufficient to reduce glomerular filtration may be associated with increased net tubular reabsorption (5) . Therefore, it would appear that any effect decreased blood flow may have to increase the reabsorption of sodium could be taking place distally to the proximal convolution.
The present studies do not exclude the possibility that the natriuretic effect of acetylcholine is due to some direct action on the renal tubule and that the increased renal plasma flow is only an incidental event. However, this appears unlikely for several reasons. The natriuretic effect was present only when control blood flow was relatively low and was absent in saline loaded animals with high rates of renal plasma flow and in animals undergoing mannitol diuresis. Even though the mechanisms involved are uncertain, renal vasodilatation by a -variety of means is accompanied by increased sodium excretion (6) (7) (8) (9) (10) (11) (12) . Acetylcholine may stimulate active sodium transport in other tissues (19, 20) , but any effect to increase sodium transport in the kidney should be reflected as decreased excretion of sodium.
Summary
The effect of unilateral renal vasodilatation on sodium excretion was studied by infusing acetylcholine into the renal artery of dogs under condi-,tions of 1) hydropenia (no saline load), 2) partial saline loading, 3) extensive saline loading, and 4) mannitol diuresis. Unilateral increases in renal plasma flow and decreases in the extraction of p-aminohippurate (or Diodrast) occurred during the infusion of acetylcholine in all four conditions. Unilateral increases in sodium excretion without equivalent increases in filtered sodium occurred during the infusion of acetylcholine in the hydropenic and partially loaded animals. These observations are consistent with the concept that increases in renal plasma flow per se may result in decreased net tubular reabsorption of sodium. In animals receiving relatively large saline loads and in animals undergoing mannitol diuresis similarly large increases in renal plasma flow during the in-fusion of acetylcholine did not result in further increases in sodium excretion, suggesting that any effect of increased blood flow to decrease the tubular reabsorption of sodium was already maximally operative under these conditions. The natriuretic effect of increased plasma flow was greater in the animals receiving small saline loads than in the hydropenic group, although control rates of blood flow were similar in both groups. This latter observation is consistent with the view that relatively small saline loads may activate natriuretic factors other than blood flow, and thereby may condition the kidney for a greater (natriuretic) response to increased blood flow.
